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A physics-based approach to the protein folding problem is presented. It is concerned with the
computation of folding pathways and final native structures, given the amino acid sequences,
an empirical all-atom potential energy function, and a procedure to identify the global mini-
mum of the potential energy. Whereas the all-atom approach has provided three-dimensional
structures of relatively small molecules and for helical proteins containing up to 46 residues,
it has been necessary to develop a hierarchical approach to treat larger proteins. In the hierar-
chical approach, global optimization was originally carried out with a simplified united residue
(UNRES) description of a polypeptide chain to locate the region in which the global minimum
lies. Conversion of the UNRES structures in this region to all-atom structures is followed by
a local search in this region. The performance of this physics-based approach in successive
CASP blind tests for predicting protein structure is described. More recently, a molecular dy-
namics treatment with UNRES has been introduced to compute not only native structures but
also folding pathways.
1 Introduction
Ever since Anfinsen1 demonstrated that a polypeptide chain can fold spontaneously into
the three-dimensional structure of a native protein, experimental and theoretical chemists
have tried to determine the interactions that govern the folding process (the protein-folding
problem). Actually, there are two protein-folding problems: (a) determination of the fold-
ing pathways, and (b) identification of the folded native structure corresponding to the
global minimum of the potential energy according to Anfinsen’s thermodynamic hypothe-
sis1 that the native structure is the thermodynamically most stable one.
Early experimental efforts2 were devoted to identifying inter-residue interactions in the
native structure, and subsequent experiments identified multiple folding pathways3, 4. Early
theoretical approaches were based on the use of empirical interatomic potential energy
functions5 together with a menu of procedures6 for global optimization of the potential
energy. Some of these early efforts are summarized in reference 7. This article is devoted
to recent theoretical work on the two protein-folding problems.
While the use of all-atom potential energy functions led to success for relatively small
proteins, containing up to 20 residues7, it was only after the development of large-scale
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Figure 1. Results of all-atom calculations on protein A9, starting from a randomly-generated structure. The native
structure and the lowest-energy structures obtained with two different hydration models12,13 area also illustrated.
parallel-processor computers8 that it has been possible to carry out computations with all-
atom potentials for larger proteins, the largest one treated thus far being the 46-residue
staphylococcal protein A9.
2 All-Atom Calculations on Protein A
Calculations on protein A9 were carried out with the empirical potential function
ECEPP/310 and the electrostatically-driven Monte Carlo (EDMC) procedure11, together
with two implicit hydration models, OONS12 and SRFOPT13, starting from four different
random conformations, one of which is illustrated schematically9 in Figure 1. Three of the
four runs converged to the same native-like fold illustrated in Figure 1 for each of the two
hydration models; the fourth converged to the mirror-image conformation.
Protein A is larger than the 36-residue α-helical protein from the villin headpiece, for
which all-atom simulations, starting from an extended structure, were previously carried
out by other groups14, 15. Those simulations were carried out with explicit solvent, which
increases the computing time considerably compared to the time required for the implicit
solvent models used in our simulations9.
It is not yet clear what the largest size protein is that can be treated by our all-atom
EDMC procedure. Nevertheless, it is encouraging that an all-atom representation of the
chain, and global optimization of the corresponding potential energy, can identify the
native-like fold without resorting to knowledge-based information in the search procedure.
3 Hierarchical Procedure to Predict Protein Structure
Without waiting for further extensions of the EDMC procedure, we have developed a hi-
erarchical procedure to treat larger proteins containing both α and β folded portions. In
this procedure, global optimization is carried out by using a Conformational Space An-
nealing (CSA) method16, 17 with a united-residue (UNRES) representation of the protein
chain18–20. This is the key stage of the hierarchical algorithm. It is designed to locate
the region of the global minimum rapidly and efficiently. The lowest-energy structures
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obtained from the UNRES representation in this stage are then converted to the all-atom
representation21, 22, and a local search is carried out in the restricted region located with the
UNRES/CSA approach. This is accomplished with the EDMC method and the ECEPP/3
force field10, together with the SRFOPT hydration model13. Initially, the backbone of the
chain is constrained to the structures obtained by UNRES and CSA, but the constraints are
gradually reduced as the calculations proceed.
The UNRES model18–20 consists of a virtual-bond chain, i.e., a sequence of α-carbons,
united peptide groups, and united side chains represented by ellipsoids whose size depends
on the nature of the amino acid residue. The α-carbons are not centers of interaction, but
merely serve to locate the backbone. The centers of interaction are the united peptide
groups and united side chains, with a united-residue potential given as the sum of inter-
actions involving side chain-side chain, side chain-peptide, peptide-peptide, virtual-bond
torsional, virtual-bond double torsional, virtual-bond-angle bending, internal side-chain
motional, and multi-body (correlation) energies. The variables to change conformation are
the angles between virtual bonds, the torsional angle for rotation about the virtual bonds,
and the position angle and rotational angle of the side chains.
The CSA method16, 17, used to search conformational space, starts with an initial set
of widely-spaced UNRES minima. CSA is based essentially on a build-up and genetic
algorithm to force these minima to coalesce to the region of the global minimum. All
UNRES minimum-energy conformations in the final coalesced clusters are converted to
the all-atom representation21, 22, and the global optimization search is continued from these
starting conformations with the EDMC procedure11.
Figure 2. Results of blind CASP6 predictions.
4 CASP Results with Hierarchical Procedure
After carrying out initial tests of the hierarchical procedure on proteins of known structure,
we participated in successive blind tests (CASP, Critical Assessment of Protein Structure
Prediction), beginning with CASP3 in 1998. Various improvements of the procedure and
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Figure 3. Right: Example of a fast-folding pathway of 1CLB obtained in Langevin dynamics simulations. The
N-terminus of the chain is marked for tracing purposes. Left: Examples of a folding pathway of 1E0G obtained
in Langevin dynamics simulations. The N-terminus of the chain is marked for tracing purposes.
its associated physics were implemented in successive tests. Some results from the most
recent test (CASP6 in 2004) are illustrate in Figure 2.
5 Calculations of Folding Pathways
As pointed out in the Introduction (section 1), a second type of protein folding problem is
the computation of the structural pathways by which the completely unfolded polypeptide
chain proceeds to the folded native conformation, i.e., the progression from a given un-
folded state (with no native contacts or native hydrogen bonds) to the final folded structure.
One approach assumes that both the initial and final structures are known, and computes the
folding pathways by used of the stochastic difference equation method of Elber et al23, and
has been applied with a full-atom treatment to protein A24. A second approach, applied
to protein A and larger proteins, makes use of the UNRES force field, in which the fast
degrees of freedom are averaged out, and carries out Langevin molecular dynamics25–28.
The structure of protein A was obtained within an RMSD of 3.0A˚. The largest protein to
which th is second approach was applied is the 75-residue, α-helical protein 1CLB, and
the structure was obtained within an RMSD of 4.5A˚ (see Figure 3(left)).
The structure of a 48-residue α + β protein, 1E0G, was obtained within an RMSD of
3.9A˚ (see Figure 3(right)). This molecular dynamics technique provides not only the final
folded structure, but also the intermediate structures along the folding pathways. Further,
by computing 400 trajectories to obtain good statistics, it was possible to compute the fold-
ing kinetics of protein A. As illustrated in Figure 4, the kinetics is either two-state (single
exponential) or three-state, depending on the quantity that is computed (or measured exper-
imentally), i.e., two-state for helix content (without considering interhelical interactions),
or three-state (bi-exponential) if the RMSD is computed (which includes interhelical inter-
actions).
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Figure 4. (a) Plot of the helix content of protein A ( Q¯ ), averaged over 400 trajectories (continuous line) and the
exponential fit to Q¯ (broken line). (b) Plots of the helix content of segments corresponding to helices H1, H2, and
H3, from the N- to the C-terminus. (c) Plot of the fraction of native structure (secondary + tertiary) as a function
of time (continuous line), and the fit of a bi-exponential function to these data (broken line).
6 Conclusions
The evolution of computational methodology has led from an all-atom treatment illustrated
in Figure 1 to a hierarchical treatment of larger proteins (Figure 2) and to a longer-time
molecular dynamics (MD) approach to treat not only the final folded structures but also
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the intermediate structures and the folding kinetics illustrated in Figures 3, 4, respectively.
Current work is focused on use of the UNRES/MD approach with improvement of the
force field and inclusion of entropic effects.
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